Introduction
Dibenzo[a,l]pyrene (DB[a,l]P*) ( Figure 1 ) is a product of the incomplete combustion of fossil fuels (1) and is found in the environment in cigarette smoke condensate (2) , in extracts of emissions of indoor air particles from smoky coal combustion (3) and in extracts of some environmental samples (4) . DB[a,l]P induces mouse skin tumors when dermally applied (5, 6) . Mouse skin tumor initiation promotion assays have shown DB[a,l]P to be a potent tumor initiator inducing papillomas at doses where benzo [a] pyrene (B[a]P) is inactive (6) . DB[a,l]P induces mammary adenocarcinomas in rats and was consider-ably more active than 7,12-dimethylbenz[a]anthracene (DMBA) (5) .
Structurally, DB[a,l]P contains a fjord region, a bay region and a K region. All of these regions have been associated with the metabolic activation of polycyclic aromatic hydrocarbons (PAHs) (7) . DB[a,l]P is metabolized to DB[a,l]P-8,9-diol, DB[a,l]P-11,12-diol, DB[a,l]P-7-phenol and a DB[a,l]P-quinone by 3-methylcholanthrene-induced rat liver microsomes with the two dihydrodiols and the phenol as principal products (8) . A study of specific human P450 isoforms indicated that CYP1A1 was the most active in the metabolism of DB[a,l]P and it also possessed the highest catalytic activity (9) . CYP1A1, human lung and human liver microsomes metabolized DB[a,l]P to the same metabolites as reported for rat liver microsomes, with the addition of the distal bay region dihydrodiol 13,14-dihydro-13,14-dihydroxy-DB[a,l]P (9) .
Studies with Salmonella typhimurium strain TA98 using Aroclor-1254-induced rat liver S9 mix indicated that DB[a,l]P exhibits~50% of the mutagenic activity of B[a]P (8) . In strain TA100, DB[a,l]P was marginally mutagenic. In contrast, in S.typhimurium strains TA97, TA98, TA100 and TA104 and in
V79 mammalian cells in culture anti-DB[a,l]P-11,12-diol-13,14-epoxide (anti-DB[a,l]PDE) and syn-DB[a,l]P-11,12
diol-13,14-epoxide (syn-DB[a,l]PDE) derived from DB[a,l]P-11,12-diol were the most active agents ever examined in these genetic toxicity systems (10) . The two DB[a,l]PDEs were the most potent of eight diol epoxides tested among a group of four fjord region PAHs. DNA adduct studies in MCF-7 cells (11), mouse skin (12) and with calf thymus DNA (13) suggested that the fjord region was an important site of activation, giving rise to DNA adducts of the diol epoxides anti-and syn-DB[a,l]P, with a predominance of 2Ј-deoxyadenosine adducts. In support of these results, high tumorigenic activity of anti-DB[a,l]PDE in newborn mice was observed (14) . (15) (16) (17) (18) (19) (20) (21) (22) . In general, the results from this morphological cell transformation system parallel the results from in vivo bioassays. This cell system has been effective in delineating routes of metabolic activation for a series of tumorigenic PAHs through studies of morphological transformation, DNA adduct formation and metabolism (18) (19) (20) 23 
Cell culture
The mouse embryo fibroblast cell line C3H10T1/2 (passage 7), derived by Reznikoff et al. (25) , was utilized in this study. Cell cultures were incubated in an atmosphere of 5% CO 2 in air at 37°C and 85% humidity. The cultures were grown in Eagle's basal medium with Earle's salts and L-glutamine supplemented with 10% heat-inactivated fetal bovine serum (Grand Island Biological Co., Grand Island, NY). The cells were checked on a routine basis for Mycoplasma contamination by the Gibco MycoTect® assay and found to be Mycoplasma-free.
Morphological transformation assays
The cell transformation and cytotoxicity procedures of Nesnow et al. (18) for C3H10T1/2 cells were used without modification. C3H10T1/2 cells were seeded for cytotoxicity studies (6 dishes/concentration) at 200 cells/60 mm plastic Petri dish and for transformation studies (24 dishes/concentration) at 1000 cells/60 mm plastic Petri dish in 5 ml medium. Cells were treated with DB[a,l]P or B[a]P dissolved in acetone (0.025 ml) 24 h after seeding. After a 24 h exposure, the cells were fed with fresh complete medium containing 25 µg/ml Garamycin. Seven to 10 days after the treatment, the cytotoxicity dishes were fixed with methanol, stained with Giemsa and colonies counted. The medium in the cell transformation dishes was changed weekly. At the end of 6 weeks the dishes were fixed, stained with Giemsa and scored for morphological transformation according to published criteria (25) .
Statistical analyses
Statistical analyses were performed on the cytotoxicity data by Dunnett's multiple comparison method after a Kruskal-Wallis one way ANOVA on ranks. The morphological transformation multiplicity data was analyzed by Dunnett's multiple comparison method. The morphological transformation incidence data was analyzed by the χ 2 test (SigmaStat, Jandel, San Rafael, CA). Isolation of DNA and analysis of DNA adducts by the TLC 32 P-postlabeling method C3H10T1/2 fibroblasts were seeded in 75 cm 2 culture flasks at 50 000 cells/ flask for DNA adduct analysis. Ten flasks with cells in mid log growth (~70% confluent) were treated with DB[a,l]P dissolved in acetone (0.5% by volume).
After a 24 h exposure the cells were washed with Dulbecco's PBS (3ϫ), trypsinized and collected by centrifugation. The cell pellets were frozen at -80°C for future analysis. Cells treated with acetone served as controls. DNA was isolated from C3H10T1/2 cells using a salt and spermine method (26) . DNA adducts were analyzed by the 32 P-postlabeling assay using the TLC method (27) and the nuclease P1 enhancement technique (28, 29) . Thin layer chromatography was completed on 20ϫ20 cm plates using the following solvent systems: D1, 1 M sodium phosphate, pH 6.0, with overnight development onto a 10 cm Whatman grade 3MM wick followed by a wash with water; D2, 2.75 M ammonium formate, pH 3.5, to spotting origin; D3, 4.5 M lithium formate, 7 M urea, pH 3.4, followed by a wash with water; D4, prewash with 0.5 M Tris-HCl, pH 8.0, to spotting origin, then 1.1 M lithium chloride, 0.5 M Tris-HCl, 7 M urea, pH 8.0, followed by a wash with water; D5, 1 M magnesium chloride, with development onto a 3 cm Whatman grade 3MM wick, followed by a final wash with water. Co-chromatography was performed using the solvent systems described above and with a second solvent system with D4 as 0.2 M NH 4 OH (30). Phosphorimaging of DNA adducts and total nucleotides separated on TLC plates were performed at room temperature using imaging screens from Molecular Dynamics (Sunnyvale, CA). The screens were erased just prior to imaging samples with fluorescent light with a Molecular Dynamics Image Eraser for 8 min. DNA adduct samples were exposed overnight and normal nucleotides were exposed for 30 min. After exposure the screens were scanned using a PhosphorImager (Model 400E) from Molecular Dynamics. ImageQuant™ software (v. 3.1) from Molecular Dynamics was used to analyze the data in the volume integration mode. Each cassette also included a standard PEI-cellulose TLC strip spotted with a series of aliquots of serial dilutions of a 32 P solution. After exposure the standard spots were excised and their 32 P d.p.m. measured by liquid scintillation counting. The pixel volumes for the standard spots and their corresponding d.p.m. were used to construct a standard curve for each cassette exposure. The pixel volumes for each adduct spot were then converted to d.p.m. using this standard curve. Relative adduct labeling values were calculated with respect to the total normal nucleotides present in each sample assuming equal labeling efficiency and then converted to amol/µg DNA.
In vitro modification of nucleotides with anti-and syn-DB[a,l]PDE
The procedures used in the modification of 3Ј-dGMP and 3Ј-dAMP were a revision of techniques described by Lau and Baird (31) . Briefly, the nucleotides were dissolved in 0.05 M Tris buffer, pH 7. Removal of the unreacted nucleotides was achieved by loading the reaction mixtures on primed Sep-Pak cartridges and washing with 10 ml HPLC grade water and 10 ml methanol to elute the modified nucleotides. The methanol was removed in vacuo and the samples resuspended in 1.2 ml HPLC water and stored at -80°C until time of adduct analysis.
P-Postlabeling analysis by the TLC/HPLC method
The labeled C3H10T1/2 cell DB[a,l]P-modified DNA and DB[a,l]P-modified 3Ј-dGMP and 3Ј-dAMP samples were spotted on 10ϫ10 cm PEI-cellulose sheets and the unmodified nucleotides were eluted off the plate using 1 M sodium phosphate, pH 6.0, with overnight development onto a 10 cm Whatman grade 3MM wick followed by a wash with water (D1 direction only) as described (32) . The remaining spot at the origin was excised and placed in scintillation vials containing 5.0 ml ethanol and the total radioactivity was determined. The ethanol was decanted and the spot was extracted overnight (18 h) in 1 ml pyridinium formate, pH 4.0. The extracts were transferred to 1.5 ml microcentrifuge vials and the particulate sedimented by centrifugation (10 000 r.p.m., 1 min). The samples were reduced to dryness in vacuo, resuspended with 100 µl methanol, sodium phosphate buffer, pH 2.0, (9:1), vortexed and centrifuged again (10 000 r.p.m., 1 min). The supernatant (75 µl) from each sample was carefully removed and spiked with 4 nmol (8 µl) UV marker cis-9,10-dihydroxy-9,10-dihydrophenanthrene. The volume was adjusted to 100 µl with a mixture of MeOH, 0.5 M NaH 2 PO 4 buffer, pH 2.0, (9:1) and placed in 100 µl autosampler vials for HPLC analysis.
HPLC analysis of 32 P-postlabeled adducts
Separation of the 32 P-postlabeled 3Ј,5Ј-bisphosphate adducts was carried out on a Waters Associates System (Millipore; Waters Division, Milford, MA) equipped with a Model 600 solvent delivery system, a Model U6K septumless injector, a Model 490E UV/visible wavelength detector, a Model 600E automated gradient controller and a Model 717 autosampler. The extracts of the excised adducts (100 µl) were applied to a 5 µm, 4.6ϫ250 mm Zorbax phenyl-modified column (MAC-MOD Analytical Inc., Chadds Ford, PA) and 
Results
Morphological cell transformation assays C3H10T1/2 cells were used to compare the cytotoxic and morphological transforming activities of DB[a,l]P and B[a]P. A protocol was used that featured treating the cells 1 day after seeding for 24 h. In triplicate experiments DB[a,l]P exerted minimal cytotoxic effects at 0.0033 µM and significant cytotoxic effects at higher concentrations (Table I) . B[a]P was cytotoxic at all concentrations examined. In triplicate studies, DB[a,l]P produced statistically significant (P Ͻ 0.05) numbers of Type II and III foci/dish at concentrations of 0.1 µM and higher (Table I ). The percentage of dishes exhibiting at least one transformed focus in the three studies averaged 59% at 0.1 µM and was statistically significantly different (P Ͻ 0.05) than the acetone control. B[a]P consistently produced statistically significant (P Ͻ 0.05) numbers of Type II and III foci/dish at concentrations of 1.2 µM and higher. The percentage of dishes exhibiting at least one transformed focus was statistically significantly different (P Ͻ 0.05) than the acetone control at all concentrations.
Quantitatively, DB[a,l]P produced the same level of response as B[a]P at concentrations that were~4-to 12-fold lower than B[a]P. The extent of fold reduction depended on the end point measured, either as the number of Type II and III foci/dish or as the percentage of dishes exhibiting Type II or III foci.
In a separate series of studies, DB[a,l]P was examined over a concentration range of 0-0.33 µM and compared with B We observed a delayed toxicity induced by DB[a,l]P in dishes treated at concentrations of 0.33 µM and higher. This was manifested after complete monolayers were attained after 2-3 weeks of culture. The monolayers began to dissociate from the dishes. Increasing the serum concentration to 10% alleviated this condition. DNA adduct analyses by 32 P-postlabeling techniques DNA adduct analyses of DB[a,l]P and its metabolites were performed employing two 32 P-postlabeling techniques. Using the TLC method, exposure of C3H10T1/2 cells to DB[a,l]P for 24 h produced seven distinct DNA adducts, nos 1-7 ( Figure  3A) . No adducts were observed in DNA from cells treated with acetone ( Figure 3F Quantitative analyses by phosporimagery were performed on each adduct assuming that there was equal incorporation of label into adducts and normal nucleotides and 100% recovery. Total DB[a,l]P DNA adduction in C3H10T1/2 cells was 7850 Ϯ 2680 amol/µg DNA (mean Ϯ SD of six replicates). The predominant adduct was an anti-DB[a,l]PDE-dAdo adduct (adduct 4) with a level of 4050 amol/µg DNA. Other adducts were found in decreasing amounts: Using similar culture and treatment conditions, DMBA gave significant transformation at 0.03 µM without attendant cell killing (22) . Therefore, the relative activity of DB[a,l]P and B[a]P in C3H10T1/2 cells parallels the relative activity found in mouse skin and mammary gland, but does not parallel the DMBA results.
Two methods of 32 P-postlabeling were used to analyze the DNA samples from C3H10T1/2 cells and the mononucleotide reaction products. The TLC method relies solely on PEIcellulose multidimensional chromatography for separation of individual adducts, while the TLC/HPLC method utilizes onedimensional TLC to remove the unmodified bisphosphates followed by reverse phase HPLC for adduct separation. Approximately similar numbers of adducts were observed from the reactions of syn-DB[a,l]PDE with 3Ј-dAMP (four adducts) and 3Ј-dGMP (three adducts). The TLC method gave three adducts each, compared with two adducts observed by the TLC/HPLC method for the reactions of anti-DB[a,l]PDE with 3Ј-dAMP and 3Ј-dGMP. There are four possible diastereomeric isomers resulting from adduction of (ϩ)-and (-)-DB[a,l]PDEs with nucleotides at specific sites due to both cis and trans epoxide ring opening, with the N 2 of guanine and the N 6 of adenine reported to be the adducted sites (33) . Additional N7 adduction of purine nucleotides would result in deribosylation, giving adducts that would not be detected by postlabeling techniques, although these types of products were identified from reactions with nucleosides (13) The results of this study show a consistency of effects of DB[a,l]P and B[a]P in their morphological transformation activities, metabolic activation to fjord region diol epoxides and DNA adduct formation with data from mouse skin and human mammary cells in culture and supports the hypothesis that the fjord region is an important site of metabolic activation of DB[a,l]P.
